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I. SUMMARY 

Springbora Laboratories, Inc. is engaged in a study of potentially 
usefull low cost encapsulation materials for the Flat-Plate Solar 
Array Program (FSA) funded by the Department of Energy and adminis- 
tered by the Jet Propulsion Laboratory. The goal of the program is 
to identify, test, evaluate and recommend encapsulation materials 
and processes for the fabrication of cost-effective and long life 
solar modules. During the past quarter these investigations have 
included continued investigations of accelerated aging techniques for 
module component lifetime studies, an investigation of candidate outer 
cover films and continued evaluation of soil-repellant coatings. 

A program of accelerated aging is being conducted for the purpose of 

(a) generating empirical and practical data relating to longevity, 

(b) rating and ranking of the stability of candidate formulations, and 

(c) generating data that may be used in mathematical model for the 
prediction of service life. In this report the results of RS/4 sun- 
lamp are compared for dry conditions versus that incorporating a water 
spray cycle. The results of 10,000 hours of this type of accelerated 
aging show that the water spray (simulating rain extraction) imposed 
no additional stress on almost all of the specimens tested. Only one 
material , Acrylar acrylic film, was effected by the water spray and 
appeared to lose its physical properties more rapidly than its dry 
counterpart. Additionally, the water spray resulted in loss of UV 
screening agent from this material with a consequent decrease in its 
ultraviolet protective quality. More data was obtained from the Out- 
door Photothermal aging racks (OPTs ). These are devices that age poly- 
mers in natural sunlight while accelerating the degradation reactions 
with heat. They are on only during the sunlight hours and are operated 
at 70°, 90° and 105°C. The first set of (pottant) specimens has been 
completed under these exposures. At the lowest temperature, most of the 
formulations are still under test after 4,000 hours, however one formu- 
lated without the hindered amine stabilizer (Tinuvin 770) failed (zero 
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tensile strength) with 2,000 hours* The 90°C condition appears to be 
more severe and no material survives past 3,000 hours* The EMA for- 
mulations appear to be somewhat better th<~n the EVA compounds under 
these conditions and the formulation without the HALS stabilizer de- 
graded well within the 1,000 point* The high temperature unit (105°C) 
is the most severe of the three and results in large decreases in most 
properties within 1,500 hours. The results obtained with the OPTs are 
very encouraging in that it is now possible to degrade candidate poly- 
mer formulations under conditions similar to the intended application 
and within periods of time short enough to reformulate for the optimum 
stability. In addition, the OPTs have clearly shown the need for the 
HALS type stabilizer, and new formulations have been deployed to test 
the effectiveness of a number of commercially available compounds. In 
addition, whole modules have been put under test to examine the longevity 
and mode of failure for a complete system of components «. In this type 

of exposure, the pottants now also have the benefit of the protective glass 
superstrate or outer cover film that extends their life. 


Outer cover films are required for the protection of substrate designed 
modules in which the cells are supported from the underside. The outer 
cover must be highly transparent and weatherable. Initially, it was 
thought that UV screening was also a necessity, however most of the 
candidate pottants sure sufficiently stable that the additional protection 
may not be required. This now increases the number of materials that 
might be suitable for this application. Some of the more expensive fluoro- 
polymers may still be cost effective due to their low refractive indices. 
The improvement in optical coupling may result in an increase in module 
eff5.ciency of several percent. Some of these newer candidates will be 
evaluated further in future work. 
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An experimental program continued to determine the usefulness of soil 
resistant coatings. These coatings are intended to be surface treatments 
applied to the sunlight side of solar modules and function to prevent the 
persistent adhesion of soil to the surface, aid in its removal, and con- 
sequently keep the power output high. These treatments have been applied 
to "Sunad^x" glass, Tedlar and oriented acrylic film. After twenty four 
months of outdoor exposure a fluorosilane treatment designated E-3820, was 
found to be the best coating for all three outer surfaces and result in 
significantly better soil resistance than the controls. 



4 . 


II. INTRODUCTION 


The goal of this program is to identify and evaluate encapsulation materi- 
als and processes for the protection of silicon solar cells for service in 
a terrestrial environment. 

Encapsulation systems are being investigated consistent with the DOE objec- 
tives of achieving a photovoltaic flat-plate module or concentrator array 

2 

at a manufactured cost of $0.70 per peak watt ($70/m ) (1980 dollars) . The 
project is aimed at establishing the industrial capability to produce solar 
modules within the required cost goals by the year 1986. 

• 

To insure high reliability and long-term performance, the functional compo- 
nents of the solar cell module must be adequately protected from the en- 
vironment by some encapsulation technique. The potentially harmful elements 
to module functioning include moisture, ultraviolet radiation, heat build- 
up, thermal excursions, dust, hail, and atmospheric pollutants. Addition- 
ally, the encapsulation system must provide mechanical support for the cells 
and corrosion protection for the electrical components. 

Module design must be based on the use of appropriate construction materials 
and design parameters necessary to meet the field operating requirement, and 
to maximize cost/performance. 

Assuming a module efficiency of ten percent, which is equivalent to a power 
output of 100 watts per m 2 in midday sunlight, the capital cost of the mod- 
ules may be calculated to be $70.00 per m 2 . Out of this cost goal, only 20 
percent is available for encapsulation due to the high cost of the cells, 
interconnects, and other related components. The encapsulation cost allo- 
cation 3, may then be stated as $14.00 per m^ which included all coatings, 

a. JPL Document 5101-68 

2 

The former cost allocation for encapsulation materials, was $2. 50/m 
(0.25/ft 2 ) in 1975 dollars, or $3. 50/m 2 ($0. 35/ft 2 ) in 1980 dollars. 

The current cost allocation of $14/m 2 is an aggregate allocation for 
all encapsulation materials including an edge seal and gasket. 
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pottants, and mechanical supports for the solar cells. 

Assuming the flat-plate collector, to be the most efficient design, photo- 
voltaic modules are composed of seven basic construction elements. These 
elements are (a) outer covers; (b) structural and transparent superstrate 
material',; (c) pottants; (d) substrates; (3) back covers; (f) edge seals and 
gasket compounds; and, (g) primers. Current investigations are concerned 
with identifying and utilizing materials or combinations of materials for 
use as each of these elements. 

Throughout this program, extensive surveys have been conducted into many clas- 
ses of materials in order to identify a compound or class of compounds opti- 
mum for use as each construction element. 

The results of these surveys have also been useful in generating first-c t 
cost allocations for each construction element, which are estimated to be as 
follows (1980 dollars) : 


Construction Elements 

Substrate/Superstrate 
(Load Bearing Component) 

Pottant 

Primer 

Outer Cover 

Back Cover 

Edge Seal & Gasket 


Approximate Cost 
Allocation* 
($/m 2 ) 

7,00 

1.75 

0.50 

1.50 

1.50 

1.85 


♦Allocation for combination of construction elements: $14/m 


From the previous work, it became possible to identify a small number of 
materials which had the highest potential as candidate low cost encapsula- 
tion materials. The first page of Appendix A (Table I' gives the status of 



candidate encapsulation materials identified to date. These materials are 
thought to be the most satisfactory for use as the construction element in- 
dicated. 

In addition to materials, two encapsulation processes are being investigated: 

1) Vacuum bag lamination 

2) Liquid Casting 

The suitability of these processes for automation is also being investigated. 
However, the selection of a process is almost exclusively dependent on the 
processing properties of the pottant. This interrelationship may have a 
significant influence on the eventual selection of pottant materials. 

Recent efforts have emphasized the identification and development of potting 
compounds. Pottants are materials which provide a number of functions, but 
primarily serve as a buffer between the cell and the surrounding environment. 
The pottant must provide a mechanical or impact barrier around the cell to 
prevent breakage, must provide a barrier to water which would degrade the 
electrical output, must serve as a barrier to conditions that cause corro- 
sion of the cell metallisation and interconnect structure, and must serve 
as am optical coupling medium to provide a maximum light transmission to the 
cell surface and optimize power output. 

This report presents the results of the past year which has been directed at 
the continuing development and testing of pottants and other components. 

The topics covered in this report are as follows: 

(a) the comparison of two closely related aging techniques, RS/4 and RS/4 
with water spray, 

(b) the results of pottant exposure on the Outdoor Photothermal aging racks 
(OPTs) , 

(c) a survey of new candidate outer cover materials, and 

(c) continuation of the study of anti-soiling coatings for the surfaces of 
PV modules. 



III. AGING AND DEGRADATION STUDIES 


The candidate encapsulation materials being investigated in this project 
are intended for the construction of solar cell modules for terrestrial 
deployment and consequently must be capable of enduring the operating 
temperatures, insolation, precipitation and other elements of the outdoor 
exposure in the geographical region selected. Although the severity of 
these conditions may be fairly accurately gauged (climatic atlas, weather 
records, etc.) the lifetime and performance of individual materials or 
combinations of materials is not as easily assessed. The chemical path- 
ways and rates at which materials age in outdoor exposures are very complex 
and predictive techniques often turn out to be inacurrate. 

The degradation of polymeric materials in outdoor weathering is caused primar- 
ily by sunlight, especially the ultraviolet component. In actuality, the 
deteriorating effect of light is usually enhanced by the presence of oxygen, 
moisture, heat, abrasion, etc. and in most cases may be referred to as photo- 
oxidation, resulting from the combined effects of oxygen and sunlight. 

Sunlight* reaching the earth is filtered through the atmosphere, removing 
shorter wavelengths up to 290 nm before it reaches the surface of the earth. 
Thus, ultraviolet effects on plastic result primarily from wavelengths of 
approximately 290-400 nm, which constitute less than 4 percent of the total 
sclar radiation reaching the earth. 

The shorter the wavelength of light the greater is its potential to produce a 
chemical change in material. This energy must first be absorbed in order for 
damage to occur. 
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The degradative effects of these environmental stresses may be effectively in- 
hibited by the incorporation of specially formulated additives to the polymer. 
Compounds that serve as ultraviolet light absorbers, antioxidants, hydroperox- 
ide decomposers, metal deactivators, etc. may result in dramatic improvements 
in the service life of polymeric systems. Regardless of the inherent sensitiv- 
ity of the polymer or the effectiveness of the additives and formulation, the 
question of lifetime under service conditions remains an important question. 

Accelerated tests are frequently used to assess long term aging effects and 
compare the effectiveness of stabilizers in providing improved protection 
against environmental deterioration. Typically, properties such as tensile 
strength, elongation at break, apparent modulus, resistance ot flex cracking 
and other properties are measured on samples aged for known periods of time 
under specified conditions. These tests are useful for determining the relative 
stability of polymers and formulations, but correlation with actual service is 
not always accurate. 


This is especially true for outdoor aging where the conditions of weathering 
cannot be precisely simulated or accelerated in the laboratory*. Changes in 
the ratio of crosslinking to chain scission, temperature variations, differing 
oxygen concentrations, ultraviolet flux, dark cycle reactions, etc. add to 
the difficulty of correlation and performance prediction. Accelerated tests 
are useful, however, for the relative ranking and rating of materials and can 
provide approximate acceleration factors that are useable over a certain range. 

In order to assess the relative stability of individual polymers and to 
determine the effectiveness of varying formulations, Springborn Laboratories 
is conducting a program of accelerated aging and life predictive strategies 
that should be useful for: (a) rating, ranking and reformulating candidate 
encapsulation materials, (b) generating practical data that relate to mater- 
ial performance under use conditions, and (c) generating data that may be 
useful in some type of predictive manner for life assessment. 
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These goals are being met by using the scheme presented in the following 
diagram: 



This method is intended to serve as a multipurpose data source. 

A variety of accelerated aging conditions have been set up at Springbom 
Laboratories and are continually generating a data for the purposes pre- 
viously mentioned. The aging conditions all employ either single stresses 
or combinations of the following: 

(a) thermal stress (heat aging) 

. in inert atmosphere 
• in air , 

(b) ultraviolet stress (UV exposure) , 

(c) hydrolytic stress (water exposure; , 

(d) catalytic stress (metal catalyzed oxidation) , 

(e) combined stresses (any of the above together) . 

The effects of these stresses on the candidate encapsulation materials is 
determined by measuring specific properties as a function of time. These 
properties were selected for their relevance to module service life and were 
chosen from four categories considered to be potentially life-limiting, as 
follows: 
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o 

o 
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Mechanical: tensile strength, elongation, gel content, modulus 

Optical: yellowing, haze, optical transmission from 0,4 to 

1.1 microns 


Chemical: loss of stabilizers, degradation, corrosion of inter- 

connect metalization, metal catalyzed reactions, out- 
gassing 

Dielectric: field stress degradation, decay of breakdown strength, 

leak current, loss of electrical isolation 


A number of approaches to data modeling may considered, the simplest 
being first order behavior in which the log of the property being measured 
in linear over log time. This relationship may be used easily for life 
prediction, especially when the reaction rate is proportional to the tem- 
perature (Arrhenius relationship) . Polymer degradation is frequently a 
complex relationship of many competing chemical reactions, however, and 
may shift dramatically with subtle changes in temperature, light intensity, 
additives, etc. The behavior most frequently observed is the 'induction 
period" type in which the degradation rate suddently changes and the property 
vs. time curve shows a s:»arp downward trend. 

In this report the results of two selected accelerated aging conditions 
are given. The first is a comparison of RS/4 sunlamp exposure with and 
without water spray and the second concerns data obtained from Outdoor 
Photo-Thermal aging reactors (OPTs) . 

A. RS/4 Expo s ures 

The RS/4 Sunlamp exposure condition consists of a rotating table carrying 
the test specimens beneath a General Electric RS type sunlamp. This lamp 
consists of a medium pressure mercury arc lamp in a quartz tube balasted 
by a tungsten filament. The assembly is mounted in an inert gas filled bulb 
with a reflective coating and a transmission cutoff near 290 nm. The bulb 
is additionally filtered with a piece of Pyrex (cutoff 300 nm) to insure the 
aosence of spectra below the terrestrial limit. This condition is one of 
the most easily monitored and is widely used throughout the plastics in- 
dustry for the purpose of comparative aging. This device is a modifica- 
tion of the test procedure ASTM D-1501, "Exposure of Plastics to Fluo- 
rescent Sunlamp: and is operated at a temperature of 50°C. 
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Photometric measurements of the RS/4 light source indicate that its 
output in the terrestrial ultraviolet range is approximately 1.4 suns in 
intensity. Because the lamp operates 24 hours a day, an additional ac- 
celeration factor is included to give an overall calculated acceleration 
factor of approximately 6.7. Equivalently, one year of outdoor exposure 

(in terms of ultraviolet) is accomplished in about 1,300 hours of RS/4 
a . 

exposure. Under these conditions, unstabilized polypropylene degrades 

o 

in approximately 160 hours and polyethylene in about 450 hours (at 50 C) . 

The RS/4 conditions are operated at a temperature of 50°c (except for 
the temperature condition , not discussed in this report) and have two 
variations, wet and dry. In the wet condition, the specimens are sprayed 
with distilled water for ten minutes once every two hours. The purpose 
of this modification is to simulate the effects of rainwater that may occur 
in an outdoor environment and assess the fugitive nature o:: compounding 
ingredients incorporated in the polymeric materials. 

Tables 2 thru 6 in the appendix give the results for a number of dry 
RS/4 exposures; tables 7 thru 11 give the results for the equivalent 
wet condition. The materials compared to this evaluation are (a) EVA 9918 
candidate pottant (ethylene/ vinyl acetate) , (b) EMA 13439 pottant (ethylene/ 
methyl acrylate, (c) PUZ-2591, an aliphatic polyurethane pottant, (d) Tedlar 
100 BG30UT, a candidate outer cover film, and (e) Acrylar X22417, a can- 
didate outer cover film based on acrylic chemistry. A comparison of the 
performance of these materials is given as follows: 


a. Willis, P., et al.. Investigations of Test Methods, Material Properties , 
and Processes for Solar-Cell Encapsulants , Annual Report, ERDA/JPL-954527, 
Springborn Laboratories, Inc., Enfield, Connecticut, July 1980. 



RS/4 Exposures; Dry versus Water Cycle 


Tables: 
Dry /Wet 

Material 

Exposure 

Time 

Property 

Per 

formance 

Dry 

Wet 

2/7 

EVA 9918 

10,000 

Tensile 

1,520 

2,810 




Elongation 

570 

675 




Gel Content 

69.8 

69.8 




UV Cutoff 

357 

360 


3/8 

EMA 13439 

10,000 

Tensile 

2,280 

2,217 




Elongation 

657 

600 




Gel Content 

34.4 

63.5 




UV Cutoff 

358 

363 


4/9 

PU 2-2591 

10,000 

Tensile 

137 

241 




Elongation 

102 

220 




Gel Content 

93.1 

96.1 




UV Cutoff 

366 

367 

5/10 

Tedlar 100BG30UT 

15,000/ 

Tensile 

14,500 

13,000 



10,000 

Elongation 

72 

55 




Gel Content 

n/a 

n/a 




UV Cutoff 

355 

358 


6/11 

Acrylar X-22417 12,000/ 

Tensile 

14,500 

9,200 


10,000 

Elongation 

7 

1 



Gel Content 

n/a 

n/a 



UV Cutoff 

381 

321 



13 


As may be seen in the preceding chart, the values obtained for wet 
and dry RS/4 conditions vary very little within the range of experi- 
mental error. There are no major differences observed fcr values of 
ultimate tensile strength, ultimate elongation, gel content (crosslink 
density) or ultraviolet cutoff (retention of UV stabilizer) for most of 
the materials tested. 

The only real change between wet and dry conditions is found for Acrylar. 
This material is an outer cover film candidate consisting of a biaxially 
oriented acrylic film containing an ultraviolet screening compound. In 
the exposure that included the water spray, the Acrylar film showed much 
greater losses of tensile strength and its elongation decreased to the 
point of not being testable in many specimens. Most conspicuously, the 
ultraviolet cutoff wavelength dropped from 382 nm,in the control and dry 
conditions, to 321 nm, indicating loss of UV screening stabilizer. These 
results suggest that Acrylar may loose its protective screening property 
with outdoor exposure. 

In general, the RS/4 incorporating the water cycle does not appear to add 
much of an additional stress component to the aging condition and does 
not result in increased degradation rates. 


B. Outdoor Photothermal Reactors 

The predominant cause of outdoor deterioration is photothermal aging; 
the combination of heat and ultraviolet light. In all the laboratory 
techniques devised to date, it is mainly the light that is increased 
(photoacceleration) through the use of arcs and discharge lamps. In the 
OPT reactors, natural sunlight is used as the light source and the specimen 
temperature is increased. The OPT reactors consist of heated aluminum 
blocks surfaced with stainless steel and mounting hardware to hold the test 
specimens flush with the surface. The reactors are tilted at 45° south and 
the device turns on at sunrise and off at sunset. Three temperatures have 
initially been selected: 70°C, 90°C, 105 °C. This approach eliminates the 
difficulties associated with the irregular spectrum of artificial light 
sources, exposes the specimens to other environmental conditions such as 
rain and pollution, and additionally incorporates a dark cycle. The only 
acceleration, therefore, is in the temperature, all other environmental 
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conditions being present in their natural occurrence and intensity. This 
condition is therefore considered to be a closer approximation meaning- 
ful acceleration of modules and module components than the other types also 
being used. The results for specimens depolyed to date are given in tables 
12 through 17 (70°C) , tables 18 through 23 (90°C) and tables 24 through 29 
(105°C) . A general comparison of the performance of these materials is 
presented in the following table in which the percent of original tensile 
is given as a function of exposure time. The presence of several zeros in 
a row indicate that the specimen remained in sufficiently good condition to 
continue under exposure but that the mechanical properties did not permit 
physical testing. Conditions shown as a single zero indicate that the poly- 
mer was too degraded to provide further information. 



ORIGINAL PAfcS *3 
OF POOR QLmJTY 

15 . 
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As may be seen in the preceding chart, the 70 C condition is the least severe 
of the three and most of the candidate pottants under exposure have survived 
3,000 to 4,000 hours without much decrease in tensile strength. The one ex- 
ception is an experimental formulation of EVA designated 16718B that is es- 
sentially destroyed at the 2, COO hour point. This compound contains the 
co-polymerized ultraviolet screener (UV-2098, American Cyan amide) but no 
hindered amine type stabilizer (Tinuvin-770, Ciba-Geigy) which appears to be 
essential for its stability. The 90°C condition is seen to be much more severe 
with all candidates terminating within 3,000 hours. The most stable of the 
candidate resins appear to be those based on EM A, which last 2,000 hours but 
become untestable at the 3,000 hour point. The EVA formulations do not perform 
quite as well and degrade to the point of being untestable for mechanical 
properties with 2,000 hours of exposure. The least stable formulation (EVA 
16718B) was again the one without the hindered amine type light stabilizer. The 
105°C OPT conditions were the most severe and no candidate pottant survived 
much beyond 1,500 hours without considerable decay in properties. The EMA re- 
sins showed no particular improvement over the EVA specimens in this condi- 
tion. Under this test, the EVA formulation A9918 appears to out perform the 
new EVA formulation 16718 a, which contains TBEC, Tinuvin-770 and co-reacted 
UV-2098. Zione of the OPT specimens appear to be losing UV screener and the 
cutoff wavelengths are unchanged. 

The early failure of formulations without the Tinuvin-770 stabilizer again point 
out the importance of HALS stabilizers on the usccessful protection of polyolefins. 

The OPT data gathered so far is considered to be a "calibration" run in order 
to assess the relative acceleration rates of these devices. This data also de- 
monstrate the fact that they are an effective method for the rapid aging and 
and ranking of module materials under conditions similar to those of the intended 
application. In the future, the evaluation periods will be more closely spaced 
in order to examine the changes in polymer properties with greater precision and 
guide the development of further formulations. In addition to individual mater- 
ials, whole modules may be exposed on the OPTs and the interactions of complete 
systems observed. Sets of two-cell trial modules have already been deployed for 
this purpose and will be evaluated in subsequent reports. 



IV. OUTER COVER MATERIALS 


2 

Due to the relatively high cost of glass (appx. $0. 90/ft ) and the low cost of 

2 2 

structural materials such as steel ($0. 25/ft ) and wood products ($0. 15/ft ), 
substrate designs offer a potential cost advantage in the construction of PV 
modules. With the use of wood or mild steel and additional cost component 
will be required for environmental protection , however the composite cost is 
still imagined to be considerably lower than that of a glass surfaced super- 
state module. In substrate designs, the cell string is supported from the 
underside, leaving the cell string and pottant exposed on the outer sunlit 
side. 

Soft elastomeric materials must be used for pottants in order to prevent crack- 
ing of the silicon cells due to stresses resulting from thermal expansion dif- 
ferences. Soft materials are prone to soiling and dust retention, however, 
which reduces the light transmission and impairs the module efficiency. Hard 
coatings are, therefore, desirable to avoid this problem. Additionally, the 
function of UV screening is required for the outer cover in order to reduce the 
effects of photolytic degradation and provide the maximum useful lifetime for 
the pottant and other components. 

The properties of an idealized outer cover may be stated as follows: 

(1) high optical transparency; 

(2) compatible refractive index properties to the pottant that favor optical 
coupling; 

(3) chemical compatibility with either the pottant or a suitable primer or 
adhesive to insure a high reliability bond that will not delaminate 
during the useful lifetime of the module; 

(4) inherent weatherability ; 

(5) ultraviolet light screening properties to protect the underlying pottant; 

(6) anti-reflective properties to increase the total light transmission (if 
used on the sunlit side) ; 

(7) resistance to thermal cycling without melting, cracking, or deforming; 

(8) surface hardness sufficient to retard soiling and to withstand cleaning 
processes in routine maintenance? 

(9) abrasion resistance to prevent loss of material or sufficient hare to 
impair the transmission characteristics. 
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In accordance with these requirements, Springbom Laboratories has con- 
tinued to evaluate transparent weatherable organic films and coatings that have 
the ability to screen out UV light. Many of the candidate pottant compounds do 
not appear to need this UV protection however, and seem to be remarkably stable 
to photo dagradation. The RS/4 sunlamp exposure, normally regarded as severe 

in the polymer industry, results in failure of EVA 9918 candidate pottant only 
after 4Q,OjO hours. This is a remarkably long time and indicates a high re- 
sistance tc photodegradation. If the photolytic effect is not considered to 
be a problem then the investigation of suitable outer covers may now be ex- 
panded to include films and coatings that do not have screening properties. The 
following table is a survey of commercially available outer cover films, both 
screening and non-screening. 

2 

The two most important factors are cost ($/ft ./mil) and the power transmission. 

The best overall combination is found for Acrylar X22417. This is a three mil 
oriented acrylic film containing a screener,and although it has low cost and high 
transmission it is very difficult to handle (notch sensitivity) and shows evi- 
dence of outdoor degradation. The next most promising film is oriented Kynar 
(Pennwalt Corporation, Philadelphia, PA). This material is now being marketed 
as a transparent, weather resistant film designed for solar energy application. 

This strong, tough, fatigue resistant film is particularly useful for solar col- 
lectors, solar stills, and greenhouse glazing. Kynar PVDF is exceptionally stable 
to ultraviolet radiation, its mechanical properties are maintained throughout many 
years of outdoor exposure. The manufacturer claims that oriented Kynar film on 
accelerated weathering to an equivalent of 16 to 28 years exposure, lost 2-5% 
of its original specular transmittance and showed only insignificant change in 
m ■ ihanical properties. Additionally, its lower refractive index than acrylics or 
Tedlar films should be an advantage in optical coupling to increase the transmit- 
ted light. The idea of optical coupling to improve the throughput of power is also 
? consideration. Light entering any combination of materials in which there is a 
discontinuity in the index of refraction will result in a partial reflection at 
the interface and consequent loss of transmitted energy. The degree of this re- 
flection is the reflection coefficient, R. 
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For a given interface with index n^ on one side and n 2 on the other, the reflection 
coefficient, R, can be expressed as: 


R 



(n l + n 2 )2 


R is reflection coefficient 

is refractive index of medium 1 
is refractive index of medium 2 

For example, if medium 1 is glass (Index 1.5) and medium 2 is air (1.0), the reflection 
coefficient R = 

* - ffi f fi - - °-° 4 ° r « 

Fox* passage of light through a pane of glass, there will be * loss of about 4% on 
entering and another 4% on leaving. This value agrees well with experimental data 
and gives a glass/air interface a maximum transmission of 92%. Repeating the cal- 
culation for FEP (Fluor ina ted ethyylene/propylene copolymer, DuPont) with a refrac- 
tive index of 1.345 gives a reflection coefficient of 2.16% per reflection. This 
indicates that the maximum transmitted power of an FEP/air interface is 95.7%, a 
difference of 3.7%. This improvement in the use of available sunlight may well 
justify the use of a more expensive film. 

Due to the potential for improved weatherability and power output with these films, 
these are being incorporated into the evaluation program as candidate outer cover 
materials and will be assessed for suitability in module applications. A table of 
some of the more promising commercial candidates and their relevant properties is 
given on the following page. 





VI . SOILING EXPERIMENTS 


The performance of photovoltaic modules is adversely affected by surface soil- 
ing, and generally, the loss of performance increases with the quantity of 
soil retained on their surfaces. To minimize performance losses caused by 
soiling, photovoltaic modules not only should be deployed in low-soiling geo- 
graphical areas, but also should have surfaces or surfacing materials with low 
affinity for soil retention, maximum susceptibility to natural removal by winds, 
rain, and snow; and should be readily cleanable by simple and inexpensive main- 
tenance cleaning techniques. 

The action of soiling is considered to include accumulation, natural removal by 
wind, rain, and snow; and activation of mechanisms that result in surface soil- 
ing that resists natural removal, thus requiring maintenance methods. 

The theoretical aspects of soiling have been addressed recently in documents by 
the Jet Propulsion Laboratory. a * ' The basic findings of these studies show 
that the rate of soil accumulation in the same geographical area is material 
independent and that rainfall functions as a natural cleaning agent. The ef- 
fectiveness of the cleaning effect of the rain is material dependent, however. 

Based on the postulated mechanisms for soil retention on surfaces, certain 
characteristics of low-soiling surfaces may be assumed. These are: (a) hard, 

(b) smooth, (c) low in surface energy, (d) chemically clean of water soluble 
salts, and (e) chemically clean of sticky materials. It is possible that cost 
effective coatings having these required porperties may exist and be applied 
to solar module surfaces and result in low maintenance costs and preserve the 
effective generation of power from these devices. 


a. Cuddihy, E, F., "Er capsulation Materials Status to December 1979" LSA 
Project Task Report 5101-144, Jet Propulsion Laboratory, Pasadena, CA 
January 15, 1980. 

b. Hoffman, A. R. , and Maag, C. R., "Airborne Particulate Soiling of Terres- 
trial Photovoltaic Modules and Cover Materials" , Proceedings of the Insti- 
tute of Environmental Sciences, May 11-14, 1980; Philadelphia, PA. 
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The candidate materials for the outer surface of solar modules currently con- 
sist cf low-iron glass, Tedlar fluorocarbon film (DuPont) and biaxially 
oriented acrylic film, Acrylar (3M Corporation; product X-22417) . These mate- 
rials are a ll relatively hard, smooth and free of water soluble residues, 
consequently experiments were conducted to determine if an improvement in 
soiling resistance could be obtained by the application of low surface energy 
treatments. 

Of the initial seven coatings of treatments initially explored in this program, 
four were continued for evaluation of anti-soiling effectiveness out to twenty- 
eight months of outdoor exposure. These four treatments are: 

1. L-1668, an experimental fluorochemical silane produced by 3M Corporation 
that is used to impart water and oil repellencey to glass surfaces. This 
material is not yet commercial. 

2. L-1668 following treatment of the surface with ozone activation (for the 
organic films only). 

3. Dow Corning E-3820-103B, an experimental treatment consisting of perfluoro- 
decanoic acid coupled to a silane (Z-6020) . This compound is not commer- 
cially available. 

4. The E-3820-103B following surface treatment with ozone to create active 
sites on the organic polymer films. 

Ozone treatments are not used with the glass because no surface activation occurs 
in this case. 

These coatings/treatrrents were applied to each of the three candidate outer 
surfaces using the recommended application technique. The organic fixm mate- 
rials, Tedlar and Acrylar, were supported by a piece of glass on the underside, 
and attached with a colorless nd ultraviolet stable pressure sensitive adhe- 
sive. The completed test coupons were then mounted in outdoor racks on the 
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roof ci Springborn Laboratories' facilities in Enfield, Connecticut. Evalua- 
tion was performed monthly and a record of rainfall was kept in order to co- 
relate soiling effects with precipitation. 

The degree of soiling on the completed specimens was measured by power trans- 
mission using a specially designed standard cell device. This instrument 
measure.^ the drop in short circuit current, I gc , with the use of a laboratory 
grade volt-ohm meter. This method was found to be better than spectroscopic 
measurement, due to difficulties in mounting the test specimens at the spec- 
trometer port. Additionally, the use of a silicon cell as a detector gives a 
more meaningful reading due to the response to scattered light he direct 

measurement of the variation in cell power. 

The results of months of outdoor exposure ari give in Tables 30 through 32 . 
and Figures 1 through 3 . The tables give the values for the percent 
variation in short circuit current for Sunadex glass, Tedlar film and Acrylar 
film, for each month and each coating. In the figures, the values for control 
and the best performing treatments are graphed for clarity. 

The data for Sunadex low-iron glass is given in Table 30 and Figure 1 
Sunadex glass, and the treatments applied to it, gave specimens with the best 
overall inherent soil resistance. The control and most of the coated speci- 
mens followed the same pattern of rising and falling simultaneously throughout 
the exposure period and the rainy months showed a dramatic decrease in power 
in all cases. A constant differential was found between the control measure- 
ments and the most effective coating, E-3820, which was consistently in the 
order of 0.5 to 1.0 percent better than the untreated control. 

This has been the case throughout the exposure period except for the twenty- 
fourth month, in which the control gave slightly better performance. 

The treated specimens have shown a significant iirgorovement in the transmission 
of usable power and have "self-cleaned" effectively during periods of suffi- 
cient rain. The E-3280 treatment has been founc to be somewhat better than 
the L-1668, and the enhancement of power from a module with this coating is 
estamiated to be about 1% over a two year period. 
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Data for the second candidate outer surface, Tedlar (100BG30UT) fluorocarbon 
film is given in Table 29 and Figure 2 . The overall performance and in- 

herent soiling resistance of this material is much worse than for the Sunadex 
glass. Untreated control specimens degraded steadily in power throughout to 
a maximum loss of 8.8% in the tenth month, recovering to about j% in the sub- 
sequent months. All the coatings applied to Tedlar improved its resistance 
to soil accumulation, however, the fluorosilane treatments were conspicuously 
better than the other. 

Of all the tr-atments used with Tedlar 1003G300UT, only one appears to retain 
its use" "lness at the 2 8 month point. Again, E-3S20 is found to be the most 
effective coating and shows significant improvement over the control values. 
Treatments with E-3820 result in I gc measurements that run consistently 3-5% 
better than the control or other treatments. The usefulness of this coating 
on Tedlar is clearly shown in the Figure ( 2- ) and the estimated improvement 
in produced power over a two year period of time is about 3.8%. 

Data for the last candidate film, Acrylar X-22417, is given in Table 30 and 
Figure 3 . 

The Acrylar acrylic film formulations soiled much more severely than the Suna- 
dex glass and Tedlar specimens. All the specimens steadily lost power through- 
out the exposure period, however, almost all of the treatments had a beneficial 
effect. The uncoated control specimens soiled very badly and at one point 
(10th month) dropped to a low -10.8% power loss. Following this point, the 
control fluctuated at about 7-8%. decrease in I #e , while the treated specimens 
varied widely in value. 

In th<* first year of exposure, the L-1168 treatment was marginally better than 
the Czone/E-3820 fluorosilane, both running 2% to 3% ahead of the control. 

In the second year, however, the effectiveness of the L-1668 ape. nrs to decline 
and the Ozone/E-3820 performs conspicuously better, returning to 0% loss in 
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in the twenty-first month, following heavy rainfall. This treatment was found 
to run several percent better than the other surface chemistries and about 
6% better than the control. Over a two year period of time, the estimated 
improvement in short circuit current is estimated to be about 3.9%. 

Observations of the data trends in soiling show that the low points, in the 
tenth and twentieth months, correspond to periods of little rainfall. These 
are the winter months in Enfield where there is almost no rain and the pre- 
cipitation occurs as snow, which is not thought to have much of a cleaning 
action on.th® specimen surface. All the specimens begin to regain their trans- 
mission and I values as the Spring rains occur in the months of April 
through June. The rainfall data, which correlates well with the fluctuations 
of soiling data. 

In summary, low surface energy treatments, based on fluorosilane chemistry, 
appear to be effective in retarding the accumulation of soil on candidate outer 
surfaces of interest in module construction. The most successful treatments 
identified to date are: for Sunadex and Tedlar, E-3820, for Acrylar, ozone 

pretreatment followed by E-3820. This surface coating is based on expensive 
fluorochemicals, however, it should prove to be cost-effective due to the 
extremely small amount that is applied to the surface. This coating appears 
to be effective where there are weather conditions that result in "natural 
cleaning" of the surface, and it seems that a certain amount of rain is re- 
quired to keep the light transmission high. 
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TABLE I 

Status of Candidate Encapsulation Materials 
(Identified in Springbom Labs Program) 


1. Surface materials £ modification 

2 . Top Covers 

(with UV screening property) 

a. Glass 

b. Tedlar X00 3G 30 UT 

c. Acrylar Acrylic film 
(X-2241-6, -7) 

3. Pottants 

a. Ethylene Vinyl Acetate (A9918) 

b. Ethylene Methyl Acrylate 
(13439) 

c. Aliphatic Polyether Urethane 
(2-2591) 

d. Poly Butyl Acrylate (13870) 

4. Electrical and mechanical spacer 

a. Non-woven glass mats 

5. Substrate panels 

a . Hardboards 

b. Strandboard 

c. Glass-reinforced concrete 

d. Mild steel (including gal- 
vanized £ enameled) 

6. Back Covers 

a. Aluminum foils £ polymer 
laminates 

b. Tedlar, Mylar, Korad 
(polymer films) 

7. Gaskets 

a. EPDM (standard or custom 
profiles) 

8. Sealants 

a. "Tape" sealants 

b. Gunnable sealants 


Under development (Springbom) 

Available, many commercial sources 
Available (DuPont) 

Available (3M Corp.) 

Available (Springbom, Holland) 
Available (Springbom) 

Available (Development Associates) 

Available (Springbom) 

Available (Crane Co.) 

Available (Masonite, "Super -Dorlux", 
Laurel 200, Ukiah Standard Hardboard) 

Under development (Potlatch Corp.) 

Under development (MB Associates) 

Available, many commercial sources 

Available 

Available (DuPont, Excell, 3M) 

Available (Pawling Rubber Co., others) 

Available (Tremco, Pecora, 3M) 
Available (Tremco, 3M, others) 
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Pro ject No, 6072, 1 


TUit 


Exposure Coodltioc ; RS/4 DRY 


Material g EVA A9918 
Ataetohirt : Air 


Notebook No? A12504-3 
Ytnrntrtaat ? SO *c 


Dticriptiott : CMjjjMt potttnt ; madtrf comatrclal fndt EVA 


Kre. 

0 (control) 

2. 880 

5.760 

8.840 

15.120 ( Sad | 

Date : 


! 





Unit No* : 

3 

s 

5 

3 

3 


No. of Specimen* 

10 

5 

5 

5 

5 

end 

Tensile strength, psi 

1.890 

U93G 



1.520 



S10 

631 

550 

590 

570 


Medatei . pmi 

890 

780 

020 

850 

875 


SetU Ratio 

32.2 

a. 

a* 

a. 

28.5 


Cel content » % 

74% 

a. 

a. 

a. 

69.8% 


Appearance 


I 

1 

1 

1 


Total optical , %T 







UT co toff 9 am 

355 

35S 

356 

357 

357 


Color * •»T*400 a ta 

78.0 

32.7 

45.5 

28.7 

29.5 


ZHolcs. T/afl 


b. 

b. 

b. 

b. 


Leak car rent , ma 


b. 

b. 

b. 

b. 



a/a 

&/a 

a/a 

| a/a 

! a/a 

i 

Coooer metal 

— m 

HHHHL 

IHHHiH 

■■■ 


HHHHH 

AlTurucom 

m— 


■■■■■[ 

■■■■■ 

■■■■■ 

60/40 Sol dor 

— 

■■■■■■■■■■ 

■■■■■ 


■■■■■ 

Nickel 


i ! 

i 


i 

Titanium 

— 





FiirmoemeH 

— 


— — 

— — 



Notes : a, not xMtturtd 

b. ifi««fiicic&t material 


1 • do change 

2 ■ bint color 

3 s moderate color 


4 • strong color 

5 • dof reded 

6 a e xt re m e degr adation 


7 « malted 
• e broken 
9 a surface crack* 
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?rot«ct No. oOT2. l SgyrMgLg^SS^JiESIgl 

S3SS3SE £gS£ifiSS i r S 7 4 Dnr 
UtttrUl ; £MA 13439 Notebook No: 13672-1 

Aaogwrt ; Air Temperature : so *C 


Description : Caadiditt pottant 



Stpoiart, Hrt, 

0 (control) 

2. 880 

5.760 

7. 608 



s 

e 

Date : 







v 

■ 

Vait No. : 

4 

4 

4 

1 

1 


i~w 

t 

| No* oi Specimens 

10 

5 

5 

3 

3 

End 

I 

Tensile strength, psi 

2. 000 

2.690 

2.420 

2. 400 

2.280 




570% 

623% 

64^. 

o 

CO 

e 

6579, 



Modulus . psi 

3* 240 

a. 

a. 

2,000 

3.200 


2 

• 

Swell Ratio 

11.2 

a. 

24.3 

28.4 

25.5 



Cel content . S 

42 % 

a. 

20% 

59% 

34.4% 



Appearance 

Clear . 

1 

1 

1 

1 


i 

| 

Total optical , %T 







ii 

TV cutoff , nm 

354 

a. 

a* 

360 

358 


H 

bbebebm 

73.0 

16.8 

15.6 

20.4 

25.2 


e 

DielcuStgth*. V/mil 


b. 

b. 

b. 

b. 


9 

s 

Leak current , zna 


b. 

b. 

b. 

b. 



Coooer dust, %T 

n/a 

n/a 

n/a 

n/a 

n'a 


•» 

Coooer metal 

— 



HHHHK 

ami 

■HI 

i 

Aluminum 

— 

mmmm 

■■m 

■■■■HI 

BBBBBI 

■HIHH 

a 

c 

60/40 Solder 

— 


■■mail 

Hi 

■■■■< 

HHHiH 

ti 

Nickel 

— 


■aamnaanmi 

■HHI 

■HH 

9 i 

y 1 

Titanium 

— 

■■■■I 

HHIHH] 

■BBBBII 

aaaaan 

hhhh 


Silver 

— 


— — 1 

— 1 

■■■HHnq 


Nodi : a. aot munrtd 

b. insufficient sample 


1 • ao change 

2 • faint color 

3 ■ moderate color 


4 * strong color 

5 > degraded 

6 a extreme degradation 


T a melted 
8 • broken 
? a surface cracks 
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Proiecc No. 6072. 1 POLYMER AGING STCDIES Tael* 4 

Exposure Condition ; R5/4 DRY 

Material ; PU Z-2591 No f book Not 14600 

Atmosphere : Air Temperature ; SO a C 


Description i Candidate pottant - casting system 


s 

e 

C 

u 

e 

a 

w 

Exposure, Hrs. 

0 (control) 

2.160 

4, 125 

6,000 

8. 000 

| 1 0. 000 

Date : 







Cnit No* : 

4 

6 

6 

6 

6 

6 

i \ n ii 1 i — — 

22 

18 

U 

11 

8 

4 

e 

u 

*e 

£ 

Tensile strength, psi 

160 

196 

131 

199 

193 

137 


115 

143 

105 

143 

232 

102 

Modulus , psi 

254 

263 

241 

222 

226 

180 


2.7 

a. 

3.3 

3.45 

3.6 

mm 

Cel content , % 

93.2% 

a. 

91.7?. 

93?. 

49& 

93.1 

Appearance 

transparen 

sheet 

t 

1 

2 

2 


3 

u 

Total optical , %T 





j 



366 

366 

367 

367 

366 

366 

Color *%T-400 am 

63.6% 

32.2 

52.4 

17.5 

15.3 


• 

u 

« 

2 

OUleuStgtiu. V/mU 


b. 

b. 

b. 

b. 

b. 

Leak current , xna 


b. 

b. 

I 

b. 

b. 

b. 

* 

j 

« 

c 

u 

V 

<3 

Copper dust, %T 

n/a 

r!a 

! aii 

i n/a 

1 n'a 

n/a 

RrrrnsT'oee^e 


HHHHH 

HIHHHi. 

HHHHi 

■■■■■ 


nams 

— 


HHHHI 

■■■■1 

■■■■1 

i^mn 

60/40 Solder 


■■■■■ 

■■ 


■■■■I 

■■■■■ 

Nickel 

— 

■■■ 

wmmtm 

■mm 

HHHHI 

■m 

Titanium 

— 

mi 

HHiHH 

MHHHI 

IHHHH 

ma 

Silver 

— 




■■■■I 

maim 


Notts : a. not measured 

b, insufficient sample 


1 9 no change 

2 • faint color 

3 * moderate color 


4 • strong color 

5 • degraded 

6 w extreme degradation 


7 • melted 

8 • broken 

9 * surface cracks 
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Project No. 6072. 1 POLYMER AGING STUDIES n°« 5 

Sxoorar* Condition ; RS/4 DRY 

Ifeasaujjflil WBQ?9,VT Notebook No: A12S11 

Ataotohtrt r Air Ttmdtr>ttrf : 50 "C 


Dticriptton ; Outer covtr candidate 


s 

• 

z 

• 

vf 

Exposure. Hrs. 

0 (control) 

2* 880 

5.760 

9. 744 

15. 120 

20. 000 

Date : 







Unit No. t 

6 

6 

3 

3 

3 

3 


10 

n 

13 

8 

5 

4 

*5 

* 

£ 

Tensile strength* pel 

17*700 

16. 819 

16*200 

16.400 

14. 500 

! 3. 300 

Ult* elongation* % 

mm 

70 

78 

69 

65 

72 

Modulus * pei 

2.4* 10 5 

6* 10 S 

2.5* !0 5 

10 * 10 s 

2 x 10 5 

2 * 10 5 

SmU Ratio 

aa 

aa 

na 

aa 

n/a 

a'a 

Cel content * % 

na 

aa 

na 

na 

a /a 

a/a 

Appearance 

basy . 

1 

1 

1 

i 

1 

e 

y 

•so 

£ 

Total optical * %? 







tTV cutoff , sa 

356 

355 

356 

354 

354 

355 

Color * 

sligkt blue 
hasp 

1 

1 

1 

1 

1 

• 

u 

e 

s 

Oioiet. Stfth^, V/mil 


a. 

a* 

a. 

a. 

a* 

Leak current * ton 


a* 


a. 

a. 

i *• 

* 

J 

• 

2 

u 

<5 

Corner dust*%T 

- 

aa 

aa 

na 

aa 1 2 3 

na 

Cowtr motol 

— * 

■HHBi 

HMKMiHi 

gggmgug 


hhh 


— 

HIHHBi 

m m' 

HHHMK 



60/40 Solder 

— ■ 

HHHHB 

mmmmm 

wmmm 


bhhi 

Nickel 

— 

Hg 

mmmm 



■ 

Titanium 

— 






Silver 




1 




Notes : &« Insufficient sample 


1 ■ no chaage 4 « serous color 7 * melted 

2 • faint color 5 « degraded 8 ■ broken 

3 • moderate color £ « extreme degradation 9 ■ surface cracks 
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Project No. 6072.1 |SyQgE^ a £g2J^^Z22I§& Tabl» 6 

Exoorare Condition t RS/4 DRY 

M* trial t AeryUr X22417 Notebook yet A12528 
Attnoeuh ere t Air Temperature ; ?0 *C 


Dticripdga : Outtr covtr candldatt ; biaaeiaHy orient ed acrylic film 


e 

o 

£ 

15 

o 

* 

Exposure* Hr*. 

0 (control) 

1.440 

2. 880 

5,760 

12.000 

Cad 

Date : 







Unit No. s 

4 

4 

4 

4 

4 


No. of Specimens 

10 

5 

5 

5 

5 


* 

u 

• 

►> 

t 

Tensile strength* psi 

24. 000 

24, 000 

13. 200 

15.000 

14,500 


UlU elongation* % 

1 

1 

1 

6 

7 


Modulus * psi 

4.4* 10 5 

4 * 10 5 

a* 

6 x 10 5 

5 x 10 5 


Swell Ratio 

Soluble 

n/a 

n/a 

n/a 

n/a 


Gel eontent , ft 

Soluble 

n/a 

n/a 

a/a 

n/a 


Appearance 

Transparec 
film . 

t 

1 

1 

1 

1 


• 

u 

1 

Total optical * %T 







TTV cutoff , am 

382 

381 

382 

382 

381 


Color * 

Clear 

1 

1 

i i 

1 


• 

«• 

0 

0 

5 

Dialed Stgth.. 7/mll 


b. 

b. 

b. 

b. 

I 

Leak current , ma 


b. 

b. 

b. 

b* 


* 

e 

0 

0 

u 

I* 

<5 


a/a 

n/a 

n/a 

n/a 

n/a 


Comer metal 

— — 

■■■■■ 

■■■■■! 

■■■■■^ 


■■■■■ 

Aluminum 

— 


wmmmi 

■■■■■■ 


■■■■■ 

60/40 Solder 

— 

MBHgl 


■■■ 

■■H 


Nickel 

— 

■IHHHi 


■■■■ii 

■■■■■T 


Titanium 

— 

■■■■■] 

■■■■ 

■■■■i 


■■■■■ 

SUrer 

— 

■■■ 

■■■■ 

■■■■ 


■■■■■1 

Not** t Mv C * 

116.000 

100.000 

a* a. 

94. 800 



t* not measured c, Viscosity tvtrtgi molecular weight 

b. Insufficient *pecimtn 


1 « no ehiA|« 4 • a crong color 7 • mol tod 

2 ■ faint color 5 • degraded 8 « broken 

3 • moderate color & . extreme degradation 9 • surface crack* 















































































ORIGINAL PASS 13 
OF POOR QUALITY 


Proves No. 6072,1 Table 7 

Saoggrt Condition : R5/4-WET ( I S264 ) 

Mittritl : EVA No to book No: A9918 

AtmoiooTt t Air Temperature : SO 1 2 3 C 


Do* cr lotion : 


e 

£ 

T 

e 

& 

01 

Exposure, Hrs* 

0 {control* 

2, 000 

4. 000 

6. 000 i 8. 000 

10. 000 

Date : 







Unit No* : 

# 9 

9 

9 

9 

9 

nnc 

9 

No* of Specimens 

10 

3 

3 

3 

3 

2 

a 

£ 

*5 

>> 

X 

Tensile strength, psi 

1.890 

3.240 

3.080 

3.650 

5. 930 

2. 810 

Ult* elongation, ft 

510 

690 

610 

680 

755 

1 

675 

Modulus , psi 

890 

740 

674 

362 

950 

774 

Swell ratio 

32.2 

20.6 

20. 1 

21.3 

22.3 

18.1 

Cel content , ft 

74 ft 

70* 5ft 

75.0ft 

67.5% 

66.4% 

69.8 

Appearance 


: i 

1 

1 

1 

1 

*3 

1 

Total optical , ftT 








355 

351 

356 

343** 

353 

360 

Color «. ftT 400 am 


1 

1 

62.3 

mm 

55.0 


Oiolew Stfttu , V/'mil 


n/a 

n/a 

n/a 

n/a 

&/a 



c r 
• 

! b - 

1 b* 

i 

b. 

b. 

*Y 

S 

M 

• 

0 

u 

w 

0 

w 

Coooer dust, ftT 

n/a 

n/a 

n/a 

n'a 

sZ* ! 

i 

Coooer metal 

— 

mmmmi 


ihhi 


1HIHHH 

Aluminum 

«— . 

HHHBH 

■■■ 

HUBHH; 

MHHHH 


60/40 Solior 

— » 

■BHH1 

BHBi 

■■■■■ 

IHHHHI 

■■n 

Nickel — 1 

— — 

■■I 

HHHHII 

■Hi 

■hhb 


Titanium 


■H 

HHHHH 

HI 

HHHHH 

HHBHHI 

Silver 

— 


1^ 

■■■ 

■■■■■ 

■■■■■ 


Notot : a# level* off to XU 3ft T at this waveleng th 

b. lnsufiei*nt t»St to»cim»n 


1 « no change 4 a strong color 7 a mol tod 

2 a faint color 5 a degraded 8 a broken 

3 a moderate color & * extreme degradation 9 a surface cracks 













































































ORIGINAL PAGE IS 
OF POOR QUALITY 


Proves No* 6072. 1 POLYMER AGING STUDIES 

tooigrt Condition ; RS/4 - WET 

MtHriil : SMA Notebook No: A13439 

Atmosphere » Air ] Temperature : 50 ~ C 


Description g 


z 

• 

*5 

• 

a 

« 

Exposure . Hrs. 

0 (control) 

2. 000 

4. 000 

6. 000 

8, 000 

10.000 

Date : 







Unit No. : 

#9 

9 

9 

9 

9 

End 

9 

No. of Specimens 

10 

3 

3 

3 

3 

2 

• 

*5 

f 

HHHMNMMI 

sy h 

2.000 

2. 090 

3,150 

2. 480 

4.890 

Z. 217 

UlL elongation, % 

590 

5S5 

643 

650 

$80 

600 

Modulus , psi 

3,240 

3* 370 

3,290 

1.6»0 

4. 100 

3.790 

Sw.ll rmto 

11.2 

10.2 

13,1 

14.2 

7.88 

16.7 

Cel concent , % 

62% 

62.2% 

64. 3% 

557« 

60 % 

63.5 

Appearance 

transoaren 

film 

1 

i 

1 

1 

1 

e 

u 

* 

W 

Total optical , f*T 







UV cutoff , am 

354 

355 

354 

353 

355 

363 

Color * , %T 400nm 


1 

l 

! $6.4 

45 

I 60.0 

• 

z 

9 

2 

. 

Ci.let, Stgth., V/ail 


b. 

b. 

b. 

b. 

I b. 

Leak current » ma 


i b - 

b. 

b. 

b. 

b. 

m 

Coooer dust, %T 

n/a 

n/a 

ail 

n'a | n'a | 

n/a 


— M» 

■mm 

mmBi 


■■■■ 

Aluminum 


■mm 


§■■■■■■■■■; 

■■■ 

60/40 Solder 


mam 

■mu: 

■mam 

■■■ 

Nickel 

— 

■■■■: 

■mm 

■HIHBHHH 

■■■■ 

jph: TjSSzBBMUM 


■■■■i 

■■■1 


■■■m 

Silver 1 


■■■■■ 

£■■■■. 

■■■■Hi. 

■■■■ 


Noe«s ; b. insuflci^nt t*st sp*eim*n 


1 * no change 4 * $ trong color 7 » melted 

2 • faint color 5 • dog raded 8 ■ brokaa 

3 • moderate color 4 « «xtrtm« degradation 9 » surface cracks 











































































ORIGINAL PAuL .-a 
OF POOR QUALITY 


Protect Mo. 6072. 1 2g^2MrRA£iN^j2£Dtz| liLLt-i. 

Exposure Condition ; RS/4 - WET 

Material : 2*2591 Notebook Not 

Atmosphere ; Air Temperature : 50 *C 


Description g Development Associates aliphatic polyurethane 


1 

z 

I 

Exposure, Hr*. 

0 (control) 

2*000 

Ksm 


6.000 

i 10.000 

Date s 







Unit No* : 

# 9 

9 

9 

9 

9 


No* of Specimens 

10 

S 

5 

5 

5 


y 

•m 

m 

f 

*■ 

Tensile strength* psi 

160 

210 

115 

80 

520 

241 


US 

188 

75 

60 

215 

220 

Modulus * psi 

254 

172 

214 

74 

181 

219 

p 

Swell index 

1.7 

5.4 

5.51 

3.64 

4.5 

5.8 

mmm 

93.2% 

94.4% 

97. 2% 

98% 

97% 

96.1 

Appearance 

ISHHEZC 

t 

1 

1 

1 

1 

1 

« 

w 

1 

Total optical * %T 







UV cutoff , am 

366 

567 

565 

354** 

565 

567 

Color * , %T 400am 

Clear 

l 

i 

51.5 

58.8 

60 

• 

** 

0 

e 

5 

Ditlet. Stf tiu , V/ail 


b* 

! 

be 

b. 

b. 

b. 

Leak current * ma 


b. 

b. 

i 

b. 

b. 

b. 

S 

HO 

« 

2 

U 

a 

Cooper dust. %T 

n/a 

n/a 

n/a 

n/a 

i n'a 1 

n/a 



mm 

mmmi 

■mmm 

mmm 

■mmm 

Aluminum 

— » 

■mmm 

mm 

mam 

mmn 

mm 

60/40 Solder 

— 

mmi 

mam 

mmm 

mm 

mamm 

Nickel 

— 

mm 

mm 

■mi 

mamm 

■mm 

Titanium 

— 



■mmm 

mmm 

mmm 

SW* — 



mmm 

■■■■■ i 

mmmm 

mmmm 


Notes t a. levels off to 0* 3%T at this wavelength 
b. insufficient t*st so*cim*n 


1 » ao change 4 • strong color 7 • molted 

2 » faint color 5 * dtfradod 8 • broken 

J • moderate color $ , extreme degradation 9 » surface crack* 












































































Protect No. 6072, 1 


Table lo 


^ M Atf CQ 


POLYM £R^A0ncg,JI2SI££ 

gxgoittM Condition : RS/4 - WET 

Material : Tedlar Notebook No; 100BC30UT 

Atmosphere ? Air Temperature : 50 8 c 


Pete rip doc ? 


v 

<• 

*s 

l 

w 

Exposure* Hrs* 

0 (control) 

2*000 

| 4*000 

6,000 

8, 000 

10,000 

Oat* t 



■■ 




Unit No. : 

# 9 

9 

9 

9 

9 

£nd 

9 

No. of Specimens 

10 

3 

3 

3 

5 

2 

w 

*» 

> 

X 

1 

Tensile strength, psi 

17,700 

17,800 

19. 600 

18. 300 

1. 230 

18. 000 

UlU elongation. % 

Tl 

65 

73 

68 

80 

55 

Modulus , psi 

2. 4 x 10 4 5 6 

2.1 x 10 5 

2.7 x t0 5 



1.8 x 10 5 

Swell index * % 

0 

n/a 

n/a 

n/a 

n/a 

n/a 

KSX 

0 

n/a 

n/a 

n^a 

n/a 

n/a 

Appearance 

Tir«Ef 

222253b 

i 

i 

1 

l 

1 

*3 

«• 

Total optical * r #T 







UV cutoff * am 

356 

355 

353 

344*‘ 

351 

358 

Color • , T.T-400 nm 


l 

l 

60.8 

48*9 

55.0 

u 

0 

£ 

DUlcuStfth., V/mU 


b. 

b. 

b. 

b. 

b. 

Leak current * ma 


b. 

b. 

b. 

b. 

b. 

s 

*■ 

e 

s» 

I* 

a 

HPHfl BHEBBHI 

n/a 

n/a 

nZn 

n/a 

n ; a 

1 

Cooper metal 

— — 

■■■■■■ 

MBHHBt 

■■■■■ 


HBBBI 

Aluminum 

— 

■ ■ 

mi! 

— ■ 


■bb 

60/40 Solder 

— — 


^■hb; 


■m 

bbbb 

Nickel 


mB^B 



bbbi 

■bbh 


■C3H 


■MtaBB 


■■BB 

BB 

JUSSI 1 


BIBB 

■B 

BIBB 

BBBBBBBBQ 


Notes: levels off to 0, 49eT at this wavelength 

b, insufficient t*st so*cim*n 


1 • no change 

2 ■ faint color 

5 • moderate color 


4 • strong eolor 

5 • degraded 

6 ■ extreme degradation 


T « melted 

8 • broken 

9 * surface eraeks 











































































ProjsctNo. 6072,1 


POLYMER AGING STUDIES 


Tacit il 


Exposure Condition t RS/4 - WXT 

Matt rial : AcrvUr Notebook No; X-22417 

Atmosphere ? Air Tsmoeraturs : SO S C 


PticripdoB : Bi axially oriented acrylic film - 3M 


e 

V 

S 

Z 

s 

sn 

Exposure* Hrs* 

0 (control) 

2.000 

4.000 

6,000 ! 8,000 

10.000 

Date s 







Unit No* : 

# 9 

9 

9 

9 

9 

im 

No* of Specimens 

10 

3 

3 

3 

3 

2 

* 

z 

m 

► 

V 

Tensile strength, psi 

24, 000 

18.700 

13.400 

12. 580 

1. 160 

9. 200 


I 

28 

mm 


0 

l 

Modulus * psi 

4,4s 10* 

4.4*: 10* 

4.9 * t0* 



2.5 x 10* 


0 

n/a 

n/a 

n/a 

n/a 

a/a 


0 

n/a 

n/a 

n'e 

n/a 

n/a 

Appearance 

tgTTESB 

MMm 

i 

l 

i 

l 

l 

e 

u 

3- 

Total optical * %T 







UV cutoff * nm 

382 

351 k * 

■ 1 ■ 

315 

■on 

350 c * 

321 

Color *» 7*T 400 nm 

colorless 

i 

l 

75. 6% 

70,8 

66.0 

• 

u 

V 

s 

Dieiet. Stgth* * V/mil 


d* 

d. 

d* 

d. 

d. 

■ ■ ■ 

Leak current * me 


d. 

d * 

d. 

d. 

d* 

5 

"e 

0 

k* 

fe 

a 

Coooer dust, %T 

n/a 

n/a 

n/a 

n'a 

n/a 

n/a 



■■■■I' 

■■■■■ 

■■■■ 


■■m 


— 



■■■■; 

■■■■■ 

■■■■ 

60/40 Solder 

— 

m 


■HHHH 

HHHHH 

■■■■ 

Nickel 





IHHI 


Titanium 

— 

■■■ 


■ 

■■■■■ 

■■■Hi 

Silver 

— 


■■■■UBBBK 


■■■■■ 


Notts : a. this is tht lowest value ( 0,7?») in tht usual rang* . Zero ?*T is not 

reached until 316 nm • 

b. Itvtls off to 0*4f#T at this wavslsngth c* 2. 1% ltv*l at this valut* 
d. insufficient t«#t specimen 


1 » no change 4 ■ strong color 

2 • faint color 9 • degraded 

3 c moderate color & * extreme degradation 


7 • melted 
S e broken 
9 • surface cracks 







































































ORIGINAL PAGE IS 
OF POOR QUALITY 


Protect No. POLYMER AGING STUDIES 

Exposure Goad l don t OPT • 

Material : EVA 9918 No to book Nos 

Atoosohore t Air Temperature ; 70 *c 


Description t 


c 

9 

S» 

*3 

1 

Exposure, Hr a. 

0 (control) 

1,000 

2. 000 

3. 000 

4. 000 

5.000 

Sat. : 







Unit Noa 

A 

A 

A 

A. 

A 


No. of Specimens 

10 

25 

6 

5 

S 

* 



1,890 

2, 885 

2. 778 

2, 340 

2.650 


U1U elongation. % 

510 

590 

587 

610 

580 


Modulus , psi 

890 

1.210 

840 

1,090 

953 


S*.U index . * 

32.2 

15.6 

18.7 

17.3 

16.2 


Gel coAteat , % 

74 

80.3 

91.5 

89.1 

85.6 


Appearance 

Clear . 

1 

1 

1 

1 


* 

u 

1 

Total optical , %T 







XTV cutoff , na 

355 

554 

360 

•44 


Color * 

76.0 

45 

16 

17 

15.7 


• 

u 

e 

B 

Stales. Stfth., T'mSl 


NT 

NT 

NT 

Kff 

1 

Leak current # aa 


NT 

NT 

NT 

NT 


♦ 

I 

! 

b 

3 

Comer dust. f#T 

- n/a 

n'a 

n'a 



1 



■■■■■ 


■■■Hi, 


■■■■■■ 






■■■■■ 

HHHBBi 

60/40 Solder 

— 

■■■■■ 


■■■■■ 


■■mbi 

Nickel 






■HHHHI 

Titanium 

— * 

■■■■■ 


■■■■■■ 

■■■■■■ 

■■■■■■ 

Silver 

— 

1 HI. 


■■■■■ 

■■■■■ 


Notts s 


1 • ao ch&np 4 • strong color 

Z 9 fislnt color 5 « dcfn^td 

3 a moderate color & » extreme degradation 


? e melted 
S e broken 
9 e surface cracks 









































































Corrosion | Elect, ] OpiM f Hiyitol | Syclrntn 


ORIGINAL PACi i9 

OF POOR QUALITY 


?ro?»ct No. Tafclg 13 

Exposure Condition s OPT 

Material : SMA IS 257 Notebook Not 

Ataapmtrt : Air ttaptnmxt t ?0 *C 


Description ; 


^tposure, Hrs. 

0 (control) 

1,000 

2, 000 

3.000 

4. 000 

5.000 ' 

Debt • 







Unit No. : 

A 

A 

A 

A 

A 


No# of Specimens 

10 

25 

5 

5 

5 


Tensile strength# psi 

2. 850 

2. 327 

2.539 

2.610 

2.530 


Ult# elongation# % 

640 

590 

600 

610 

598 


Modulus # psi 

3# 480 

3. 390 

3.890 

3. 420 

3.624 


Swell index , % 

il*4 

9.3 

12.4 

10.2 

9.8 


Gel content # % 

81 

65.6 

86.6 

83.2 

87.2 


Appearance 

Clear 

1 

1 

1 

dusty 


Total optical # %T 







XJV cutoff * an 

351 

364 

363 

36i 

359 


Color %T-400 am 

65 

21 

20 

32 

29.0 


1 Di«lct.Stgth», 7/ail 


NT 

NT 

NT 

NT 


Leak current # an 


NT 

NT 

! 

NT 

NT 

j 

I 

PfffCTnmi 


a'a 

a'a 

a/a | a/a | ( 


— 

HHHHH 

HHHHH 



— 

■■HH 

HHHH 



— • 

■■■■■ 

■■■HI; 


Nickel 


HHBHH 

■■■■ 


Titanium 


■■■mu 

■■■■! 


SUrer 

— 

■■■■ 

■■■■ 



Notes : 


1 • no ch s ng s 4 • strong color 7 • molted 

Z ■ feint color 5 • degraded 0 • broken 

3 * moderate color $ . extreme degradation 9 « surface cracks 








































































ORIGINAL PAGE IS 
OF POOR QUALITY 


Proiect No* POLYMER AGING STUDIES Titled 

Exposure Condition ; OPT 

Material ; PC Z-2S9I Notebook No: 

Attaosphere : Air Temperature ? 70 8 C 


Description : 


e 

o 

£ 

*S 

s 

vT 

Exposure, Hr*. 

0 (control) 

1.000 

2,000 

3.000 

4. 000 

5.000 

Date : 







Unit No. : 

A 

A 

A 

A 

A 


No. of Specimens 

10 

25 

5 

3 

3 


"3 

-j 

i 

Tensile strength, psi 

160 

197 

253 

250 

247 



115 

155 

207 

200 

190 


Modulus » psi 

254 

258 

264 

214 

235 


Sere 11 index , ft 

2.7 

3.6 

2.7 

2.8 

3.! 


Gel content , % 

93.2 

94.6 

97.5 

93.4 

92.1 


Appearance 

Clear 

1 

l 

T 

dusty 


7! 

v | 

jj 

Total optical , *tT 







UV cutoff , ms 

366 

369 

364 

375 

369 


Color * 

63.3 

22 

26 

24 

9.4 


• 

T 

o 

5 



NT 

NT 

NT 

NT 


^.eak current , ma 


NT 

NT 

i ^ 

NT 

} 

i 

i 

* 

J 

*• 

0 

b 

b 

0 

O 

Cooper dust, f«T 


n'a 

! n'a 

| 

i 

L . _ 1 

Cooper metal 

— 

HH HH 

BHB 

■bh 

bbbb 

hhh 

Aluminum 


hhhh 

B BHU 

bbbb 

bhhh 

hhh 

60/40 Solder 

— 

bhi 

■hhh H 

bh 

BH 

bhh 

Nickel 

— 

hhhb 

■bb 

bhh 

hhh 

bh 

Titanium 

— 

bbb 

BBBBi 

bh 

hh 

bhh 

Silver 

— 

BBI 

HHHH 

■HI 

HHH 

HH 


Notts r 


1 • no change 4 • str oaf color 7 « malted 

2 • faint color 5 « dtf radtd 8 « broken 

3 • moderate color $ * extreme degradation 9 • surface cracks 































































ORIGINAL FAC:- Vd 
OF PO' r QUALITY 


pro’oct No. ?CZ.TM£g AGING STT3ISS 15 

Sgoggt Condition : OFT 

Mittrul : 1671? Notebook yp; 

Atsaoipotrt ? Air TtTOtngrt : TO *C 


Dticrigdon : EMA / TBS C ' UV20P8 / Tinwin 770 


| : Exaosart, Hr*. 

0 i control) 

| 1. 000 

2.000 

i 3.000 

! 4.000 ! j 

Ilj 2 *** 1 


1 f 

I I 

* 

; i 

j i I Gait No. : 

A 

A 

I 

1 A 

! a 

! ... i 

t j No* ox Specimens 

10 

12 

* 

t 

! 5 

i I 


2 . srr 


2.5« 

! 2. 432 

i 1 

! » 

1 j uls. elongation. *» 

644 

600 

593 

621 

| 

; f 

; __ ; Modulus . psi 

3.940 

5.500 

3.400 

t. *•»» i 1 j 

j ^ i 

\ m j Swell index . ?• 

11.2 

11.5 

10 . s 

li.o j i ! 

j £ i 

| j Gel content , % 

80.0 

KfffH 

82.1 

t ! 1 

84.3 } | ; 

S j 

! : Appearance 

Orar 

% 

4 

1 

1 i ! j 

t 

| ! Total oodcal , %T 



ill! 

| J ! CV cutoff . ass 

363 

363 

' 

361 

i 1 : 

1 347 ! ! ! 

Sj Color. *»“-400 2 =i 

43 

21% 

24.8 

29.5 | j 1 

l 

| 3ieict»Stfdu, T/cul 


NT 

NT 

NT 

I ! 

! * J 

: 2 ! leak current , ma 

1 f 


NT 

NT 

NT 

! ! 

! i Coooer dust. %T 

hhih 


! . ' Comer metal 




— 


5 ' 60 40 Sold. r 

— 


. i. Nickel 

— • 


1 -7 ! Titanium 

— 


' : Sil’^er 

— 



1 * no chang e 

2 • faint color 

3 » moderate color 


4 * strong color 

3 * degraded 

6 « extreme degrade cion 


T • molted 

8 « broken 

9 « surface cracks 


Notes 














































ORIGINAL PAGE 19 
OF POOR QUALITY 


?ro ; te; No. 



STCDIZS 


Tsble 16 


Sggoegro Condition : OPT 

Material : CVA 1671S-A Nottbook No; 16T2? 

Ae»w»n t Air T egaoerature : 70 *C 


Description : LVa with TBSC . UV-2098 . Tlmnria 770 


H 

•jponrt, Hn. 

0 « control! 

1.000 

2.000 

3.000 

4. 000 | 1 

l! 

2oso : 





i 

I 

1 

hf 

t?si: No. : 

A 

A 

A 

A ! i 

i 

No. of Soociaoss 

10 

12 

5 



! 

i 


2. 740 

2. 690 

2.530 

2.792 



i 

i 


580 

550 

530 

575 



» 

i _ 

r— 

Modulus . osi 

732 

1.200 

1.010 

953 



i * 

ii 

i >. 

Swell index . ** 

■a 

ksi 

12.3 

9.8 




Cel concent , % 

91.7 

90.2 

89.4 

3 



' 

i_ 

Aooearen.ee 

Otar 

1 

1 




» 

j_ 

Total optical „ %T 






1 

1 

t 


TV cat iff , an 

340 

342 

358 

347 


i 

t 

j 

i 

Color %T*40Onm 

53 

16% 

18.3 

17.5 

! i 

"3 

Di.lct. Stjta*. Wail 


NT 

NT 

NT 


i 

A 

Leak current , ssa 


NT 

| NT 

NT 




1 Conner dust. %T 



1 1 

i 

I 

* 


BC3H 

HHHHI 

■■■■■ 


s 

Aluminum 

— 

■■■■■ 

■■■■■ 


“m 

m 

60/40 Solder 

— 


■■■ 


£ 

Nickel 

— 


mmmm 


£ 




ill! 

w 

Silver 

— 

i 

I i i i 


Notes : 


1 * no chang • 

2 • feint color 

3 ■ taoderaet color 


4 « strong color 

5 * it|r»dtb 

6 » ixtrtni degradation 


7 « melted 
3 • broken 
9 • surface cracks 

















































ORIGINAL PAGE 19 
OF POOR QUALITY 


Pro ; .ct No. POLYMSa AG IMG STtTor.es 

— bb - Table 17 

Sgoigrt Condition ; OPT 

Material^^^ Notebook Not 16729 
Atmosphere : Air Ttmotnccrt ; 70 a c 


D.t cription • Eva/TS£C/UV 2Q«>8 no Tlntnrir 770 



Exposure, Hrs* 

0 (control] 

1.000 

2.000 

1 3. 000 

1 4. 000 | 

e 

c 

Date : 






I 

« 

Unit No* : 

A 

A 

A 

A 


i 

i 

t n 

No* of Specimens 

10 

12 

12 




i 

Tensile strength, psi 

3.658 

1,950 

180 





i 

| wit. elongation, r a 

600 

430 

220 




“z 

Modulus , osi 

810 

526 

417 




w 

. "m 

* 

Sw.ll ino** , », 

8.1 

8.3 

8.1 



T 

m 

83.4 

37 

23.7% 





Appearance 

Clrar 

1 

1 


i 


Total optical , %T 





i 

. 1 

2 

C 

UV cutoff , nm 

358 

359 

364 | 




Sr 

V * 

i 

Color. *#1-400 am 

72 

5 Of. 

t8 r. { 


1 

i ( 

* 

V 

DielcuStgth*., V/mil 


NT 

NT 




3 

2 

Leak current , ma 


NT 

NT 





Coooer dust, * 0 ? 



. i i 

I z L 

Copper metal 

— 


! i t ! 

0 

Aluminum 

— 


r -] ! 1 

■ 

z 

60/40 Solder 

— 


1 - 1 I 1 

u 

Nickel 

— 


! ! I i 

3 

C ■ 

Titanium 

— 


— 

Silver 

— 

- f i i 1 1 


Notes : 


1 • no change 

2 • faint color 

3 a moderate color 


4 a strong color 

3 e degraded 

6 a extreme degradation 


7 a melted 
S • broken 
9 a surface cracks 















































ORIGINAL PAGE 18 
OF POOR QUALITY 


Pgyet No. POLTMTR AG INC STTTPSS 

Table iB 

Soomt goagtttoa • opr 

jtoriri ? EVA 9918 Ndtoinmk Nkt 

ABSgasa a i Air Teaao.ratare ; 90 «g 


Owg^te t 



SKpomt, Hrt. 

0 (control 

X. 000 

2.000 

2* 500 

i 

e 

« 

8 

Date : 





l — 

"o 

1 

Unit No« ; 

B 

B 

B 

B 

END 1 

% 

f— 

No, of Spteiatftt 

10 

25 

5 

5 

1 


TeaoUe strength. pei 

i.«9o 

2* 527 

a. 

- 



T31t. oioofattoa, % 

510 

590 

a. 

a. 


j 


Modufa is • psi 

090 

1. 190 

a. 

a. 



u 

• 

Swell iadox , % 

32,2 

waa 

14. 8 

9.0 



f 

Goi content * % 

74 

60,3 

85.7 

42.4 




Apotmact 

Cl?ar . 

i 

1 

Hary 



i 

Total optical , %T 







] 

tJV cutoff , am 

355 

354 

350 

358 



I - 

Color * 

76.0 

45 

28 

14 



o 

*0 

V 

Diolcfi. Stf tiu # V/mil 


NT 

NT 

NT 



• 

s 

Look car root , am 


NT 

NT 

NT 



■ 






1 


C 

i J 1 i ■JBJddhi 

— » 




r 


PJ] 


— 




1 


HI 

n.n 

— 




i 


fte 

fl 

Niekol 

— 




1 


O . 

Titanium 


L, - . 1 


— 


1—1 

SUTor 

- . . — 

nHii 

ammmi 

■ i 1 


*• Sotcirnin too dt|rtd<d to b» tested . No color . "Ch**ty" coaiiitucy , 


l * ao change 4 . , crone color 

Z « feint color 5 . degraded 

3 e oaoderate color 6 . extreme degradation 


7 • molted 
0 • brokoa 
9 • turteco encki 



















































Comilon I KUd t I Optical I Hiyilcul I Sp«cimtn 


ORIGINAL PAGE SS[ 
OF POOR QUALITY 


Project No. 

toowt Condition ? OPT 

Material i £MA 15257 Notebook Not 

Agngeghore ; Air Ttapfrttort : 90 *C 


Description » 


Exposure. Hr*. 

0 (control) 

uooo 

2,000 




Date : 







trait No. : 

B 

B 

B 




No* of Specimens 

10 

25 

to 

END 



Tensile strength* psi 

2* 350 

l, 752 

700 




Ult* elongation. ft 

640 

490 

220 




Modulus , pei 

3. 480 

3.970 

3,300 




Swell index , ft 

It. 4 

9.9 

6.4 




Cel content , S 

81ft 

61.1 

I 




Appearance 

Cltar . 

T 

9 




Total ordeal , ftT 







TJV cutoff , nm 

357 

368 

366 




Color • 

65% 

12 

12% 



• 

Di.lct. Stf th.. 7/ mil 


NT 

NT 


| 


Leak current , ma 


NT 

NT 


1 


Comer dust. ftT 




1 

1 


Comer me cal 



■■■■I! 

■ 

BHB! 

■■bbbi 


— 


mi 

B 

HBHBli 

bbbbbi 

it» il aflf-fWM 

■EH3H 

■m 

■H 


i^bbbb 

■■■■■ 

Nickel 


§■■■■ 

IHBHBI 

■■■BBS 

HHBBfll 

bbbbb 

Bseesui 



■■■■■■ 

■■bhh 

bbbhbi 

Stiver 

— 


■■■■■■! 

BHBI 

BBB1 


Not** : a. Polymer has yellow color and ’ r cheesy” consistency , Removed from 

further testing , 


1 e so change 

Z « faint color 
3 e moderate color 


4 * strong color 

5 « degraded 

6 * extreme degradation 


T « melted 
3 e broken 
9 e surface cracks 






















































ORIGINAL PAGE f? 
OF POOR OUALITV 


Project No. table 20 

Exposure Condition ; OPT 

Material ; PU 2-2S9I Notebook No: 

Atmosphere : Air Temperature : 90 *C 


De*criptioa ? 


« 

1 

I 

Exposure. Hr** 

0 (control) 

1.000 

2.000 




Date : 







Unit No* : 

B 

B 

B 




No* of Specimen* 

10 

25 

10 

2ND 



"ft 

J 

• 

> 

T 

Tensile strength. p*i 

160 

162 

a. 





115 

233 

a. 




Modulus . o«i 

254 

139 

a* 





2.7 

4.2 

3.5 




Gel content * % 

93.2 

95.0 

93.7 




Appearance 

Faint 

r?llow 

Y?Uow 

V. Tacky? 


i 

i 

15 

w 

<■# 

Total optical . %T 







UV cutoff * am 

366 

372 

380 




Color * 

63.3 

15 

11 % 

| 



• 

w 

0 

s 

Dielct*Stgth», 7/ mil 


NT 

NT 




Leak current . ma 


NT 

NT 




* 

e 

z 

0 

u 

b 

0 

U 

1 

Copper du*t. %T 

HI 

mbpb 

hh 


■■Hi 

Cooo*r m*t»l 



HIHHH! 

bhh 

HHHMH 


— 




bhbh 

60/40 SoM.r 

— 

■ ■> 

■ 

■ 

■m ■ 

Nick.l 

— 




BESHB1 

— 

1HMBH 

■i 


SUrtr 

— 


mmmm 



Noe#* $ a. Mechanical properties appear to be OK. but the specimens have agressiv* 
surface tack and cannot be handled for testing. 


1 « no change 
Z • faint color 
3 m moderate color 


4 « strong color 

3 s degraded 

6 s extreme degradation 


7 9 melted 
9 « broken 
9 ■ surface crack* 




















































ORIGINAL PAGE !3 
OF POOR QUALITY 


Proi.ct No. Tabl* 21 

Sxaonur* Condition s OPT 

Material : EMA 16717 Notebook Not 16729 

Atmoeoh *rt : Air Temperature : 90 3 C 


Deecripdoa : EMA/TBgC/Tm098/Timma 770 



Exposure, Hrs. 

0 t control) 

1.000 

1. 500 

2.000 



c 

9 

Onto : 





end 


u 

9 

Unit No* : 

B 

B 

B 

B 



JT 

No* of Specimens 

10 

12 

10 

?0 





2, 387 

2,200 

1.8*0 

590 



Cl 6* elongation. % 

644 

410 

420 

160 


1 

i 


Modulus , pst 

3.940 

o 

« 

n 

3.085 

3.040 



a 

>» 

bbsbh 

11*2 

12.3 

10.2 

3.3 



T 

22EI[BSI3BI 

80 *0 

33.4 

78.2 

71% 




Apoearance 

Clear 

1 

l 

*• ! 

! 


BOB 






i 

t 


TV cutoff , a& 

363 

362 

365 

374 


n 

i 

1- 

Color, **7 *400 am 

43 

20% 

17 

3 % 


- . . J 

* 

y 



NT 

NT 

NT 


i 

! 

9 

M 

Ltsk current , ran 


NT 

NT 

NT 


1 

i 

* 

ISSflSSfSSBH 

gpBUpBf 

ISPHliHi 

wkbssmm 

■■nBHBB 

Conner metal 

_ 

■ H 

■■■■■ 


& 

0 


— 

hhhhh 

■■■■■ 


U 

e 

mmWMirramumm 

— 




u 

fe 

N'lektl 

_ 

HHHHHi 

HHBHH] 


2 

y 

Titanium 

— 



Silver 

— 

■■■■■ 



Notes : a* ’’Cheesy" app^arsnc* , no vistbl* color , sp<*cim*ns had to b+ scraped 

off tH* turfac* of th* OPT . 


1 « no change 

2 « faint color 

3 • moderate color 


4 • strong color 

$ * deg raded 

6 • extreme degradation 


7 ■ melted 
3 « or ok on 
9 • surface cricks 
























































ORIGINAL PAGE 19 
OF POOR QUALITY 


Project Mo. AG INC STTPIZS Tabit 21 

Exposure Conditioa ♦ OPT 

Material : SVA 16718-A Mots boo k Mos t6729 

Atmosphere ? Air Temperature : 9° * C 


Description : EVA with TBEC. UV-2098. Tinuvin-770 



Exposure* Krs* 

0 (control) 

t,ooo 

1.500 

2. 000 



s 

e 

Date : 







y 

Unit Mo. : 

B 

a 

B 

B 



£ 

Mo. of Specimens 

10 

12 

5 

10 

END 



Tensile strength, psi 

2.760 

a. 

a. 

a. 





580 

a. 

a. 

a. 




Modulus , psi 

782 

a. 

a. 

a. 



"5 

>* 

EBEHHBI 

7*5 

10.7 

12.3 

9.7 


1 

1 

ir 

S5 

91.7 

91.5% 

96.3 

54*3 

• 

f 

1 


Appearance 

Cl*ar . 

1 

l 

3 




Total optical * %T 







* 

uV cutoff , am 

360 

r i 

| 359 ] 

353 

361 



Jr 

w 

Color %T-400 am 

58 

| 30% 

32.3 

35*. 



• 

y 

Oielct*Stgdu» V/mil 


MT 

MT 

MT 


i 

t 

* 

3 

Desk current * ma 


i 

MT 

MT 

MT 



* 

Copper dust* %T 


n/a 1 

a/a 1 

a/a | 

1 1 

Copper metal 





Aluminum 

— 


hhhbmhhmmbb! 

* 

A 

60/40 Sold*; 

— 



c 

1m 

Nick*! 

— 



3 

C 

Titanium 

— 

i t i 

i ' 

1 Silver 

— 

i i ! } ! 


Motts : a. Specimens too deformed to be tested * Mo color • 


1 • so change 

2 * faint color 

2 • moderate color 


4 * strong color 

5 * degraded 

s s extreme degradation 


7 e melted 
3 « broken 
9 « surface cracks 






















































grsg’m i. : .4 

OF POOR QUALITY 


ProUct No. POLYM|y^^22^J2VD|gS 

E*go*2ir«_CoBdlti2n_5_____2£j^___^__ 

M*f rl*l : EVA 16718-B No c« book Nos 

AttnonKtrt ? Air Ttnotngttrt ; 90 3 C 


De*crtption ; SVA/TBEC/UV2098 no Tlnuvin 770 


s 

£ 

V 

e 

* 

Exposure, Hr*. 

0 ( control) 

1.000 





Date : 







XI sit No. : 

B 

B 





No. ox Specimen* 

10 

12 

end 




3j 

*» 

>V 

t 

Tensile strength, osi 

3.658 

a. 





600 

a. 





Modulus . osi 

810 

a. 





sen 

8.1 

797 





Cel content , *: 

83.4 

95.5 





Appearance 

Clear 

6.7 





1 








tJV cutoff , am 

3S8 

a. 






?27, 

a. 




! 


Dl.let. Stjriu, V/mil 


NT 

1 



] 



NT 





m 

3 

*3 

M 

u 

u 

2 

Coooer dust. ?»T 

H 



■■■■ 

Coooer metal 

_ 

■m 

■■■■■■■I 


ERnn 

— 



■■■■■■■ 

60/40 Solder 



mmbi pwwi 


Nlck.l 

— 

HHHHH 



Titanium 

— 


■■■■■■■ 

SUv.r 

— 




NoUf r 4# Materials too degraded to perform tests . Polymer ha* "cheeey" 
consistency . removed by scraping off th* OPT surface . 


7 « malted 

8 • broken 

9 « surface cracks 


1 * no change 

2 a faint color 

3 a moderate eolor 


4 a strong color 

3 a degraded 

6 a extreme degradation 








































ORIGINAL PAGE S3 
OF POOR QUALITY 


? ro i* ct 2a* POLYMgR ACOJC STTTPtSS T »bl. 24 

Exposure CoadittoQ t OPT 

Mate vial: EVA 9918 Notebook Not 

Atmosphere t Air Temperature s 105 *c 


Description > 



fiepoeure, Krs. 

0 (control) 

1,000 

2,000 


; 


« 

s 

Data j 







3 

*3 

! 

t7oit No* : 

C 

c 

c 




& 

No* of Specimens 

10 

25 

10 

END 




Tensile strength, psi 

1, 390 

1.385 

240 *"■ 





mu elonfaeioa* 7* 

510 

550 

120 




«• 

Modulus , pel 

890 

1. 200 

612 




*5 

K 

Swell index , 7# 

32.2 

16.1 

16.2 




s 


74.0 

80.7 

697. 





Apo«*?*ac. 

Ctrar , 

2 

6, 7, tacky 





Total optical , 7*T 





i 


0* ' 
« 

TJV cutoff , am 

355 

353 

358 




J 

Color *>T 400 

.-o 

38 

is?. 




«; 

0 

Ditlcs. Stfth., V/mil 


NT 

NT 


j 


e 

a 

Leak current * me 


NT 

NT 




■ 




j 

1 

I 

i 

* 


MM 


■■■■■ 

■■■■K 

■■■■i 

■■■■ 

J 

Aluminum 

MM 

■■■Hi 

■■■■ii 

■■■■ 

■■■■, 

■■■■■ 

0 

IIITHttll — 

WKEZMM 

■■■■■ 



■■■■ 


2 

t* 

Nlektl 

*MM 

■■■■■ 

■■■■■i 

—pi ■ 

■■■■ 

3 

Titanium 

— 

■■■■ 

■■■■' 

■■■■■■HBl 

■■■^■1 

Stiver 

— 

■■■■I 

■■ 


■■■■■ 


Notes i a. Sp*cim*as d*fradlnf . lltti* physical integrity , sticky, ao color . 


1 • no chugs 4 • strong color 7 > melted 

2 » false color 9 ■ deg reded 8 • broken 

3 a moderate eolor & « extreme degradation, 9 « surface cracks 





























































ORIGINAL PAGE (S 
OF POOR QUALITY 


Protect No. ‘ T *^S, 11 

Expoattra Condition ; OPT 

Matarlal > EMA 15257 Not, book Not 

ABnoaoham ; Air Ttmwntmt : 105* C_ 


Doscriptioa > 


a 

i 

«« 

u 

fieposurs, Hrt, 

0 (control) 

ip 000 

2, 000 




Data i 







trait No, 1 

C 

c 

c 




No. o i Spcciasas 

10 

25 

10 

END 



0 

0 

• 

* 

s 

Tuiili atrangth. pai 

2 . 950 

1.430 

320 




Ult» ftloafadoa. ft 

640 

455 

30 




Modulus p psi 

3. 460 

3. no 

1.610 




Swall ladaac , % 

n.4 

15.9 

7.1 




Col coateat , ft 

sift 

65.9 

79.0 




Appaaaaaea 

Clear. 

1 

9 ** 




P 1 * 3 

5 

«* 

a- 

Toted optical , ftT 







; xrr cutoff a am 

351 

367 

385 




Color ftT *400 nm 

65% 

15 

6ft 




• 

«# 

u 

0 

3 

Dlalct. Stgth*. V/ ail 


NT 

NT 




L-rftk current , ms 


NT 

] 

NT 




♦ 

$ 

«•* 

■ 

2 

ft* 

a 

Caaaar dnas. %T 


n's 

n'a 


1 



_ 


HH1 

■■ 

■ ■ 

ptmirrMBS 



■■■■■■ ■■■■■i 

■■■■■ 

!■■■■ 1 

cacaraHia*oi 

*— 

■■■■■ 


■■■ 

-j 

1 1 1 y i f MftBMOftWi 


i 

i 


i 


h dttt 



■ 


1 SllTor 

I — 

— — 





Notes i «' D-*frftd*d . '’ch^cy" consistency 


1 • ao chftaf • 4 ■ itroftf color ? * molted 

1 9 faint color 5 • dtf radsd I • broksa 

3 • sodsrat* color £ » dsfradadoa 9 * surface cracks 






















































ORIGINAL PAGE 1- 
OF POOR QUAwlTv 


ProUct No. T»bl« 26 

Expo turt Condition t OPT ^ 

Material t PU Z-2591 Notebook Not 

Atmosphere : Air Temperature t IQS *C 


Description t 


s 

a 

*» 

m 

m 

Z 

& 

Exposure* Hr*. 

0 (control 

1.000 

2.000 




Data : 







tTait No. : 

C 

c 

c 




Nj. of Specimens 

10 

2 $ 

to 

END 



y 

‘a 

>* 

£ 

Tensile strength, psi 

160 

220 

a. 





115 

255 

a. 




Modulus , psi 

254 

195 

a. 




EBSSDi 

■SB 

3.8 

5.1 




Gel content * ?• 

93.2 

98.5 

36.3 




Appearance 

KZEQH 

1 

2 

6. tacky 




Optical 

Total optical * %T 







tJV cutoff , am 

366 

373 

370 


\ i 

1 

1 

! 

Color “jT • 400 am 

63.3 

27 

19 % 




• 

z 

a 

s 

Oi«lec.St(tiu. V/mil 


NT 

| NT 



i 

Leak current * ma 


NT 

NT 

; 


1 

! 

s 

9 

a 

a 

i* 

w 

3 

Copper dust. *tT 



BHHHI 

HHHI 


Copper metal 


■■■■■ 


HHHHi 

HHHI^BHHHHi 


— 

WKKKtttM 

HHHH 

■HHH 

■■■nHH 

60/40 Solder 

— 

■■■ 


■Hi 

■■■■ 

■■■Hi 

Nickel 

— 

BHIHBi 




■HHHH 

Titanium 

— 


■ ■ 

HHi^H 

■■■Hi 

■■■■I 

Silver 

— 

■■■Hi 

hhhhbhhh 

HHHH 

■H 


Noeaa t *. Too degrad'd to b* t»st*d , sp*clm*ns had to b* scraped off lurfac* , 
V*ry sticky y*Uow material , 


1 • ao change 4 « tty oaf color 7 « malt ad 

2 • faint color 9 « degraded 3 • broken 

3 a moderate color 4 m txtrama degradation 9 « surface cracks 





















































Project No< 


UbU 27 


0R1GJNA1. PASS 
OF POOR QUAl-i it 


POLYMER AGING STUDIES 

Exoonrt Condition ; OPT 

Mm rial ; SMA 16717 Notebook No: 16729 

Atmosphere : Air Tempea^ture ; 10$ 3 C 


Description : £MA/TB£C/UV2g98/Tinuvia 770 


1 

* 

ft 

a 

Exposure, Hrs* 

0 f control) 

1,000 

t. 500 

1 


Daee : 




end 

i 


Unit Mo* : 

C 

c 

c 



i 

i 

Mo* of Specimens 

10 

12 

6 




« 

• 

>» 

T 

Tensile strength, psi 

2.887 

1,530 

440 



i 

t 

Ult* elongation* % 

844 

424 

60 



! 

Modulus , psi 

3,940 

2.980 

2.900 



} 

1 

i 

11.2 

11.2 

11.5 



i 

Cel content , ^ 

90.0 

30.3 

81.6 




Appearance 

Clfar 

l 

a. 




*« 

jJ 

f 








UV cutoff , am 

363 

365 

374 

! 


| 5 

| 

Color, r *T-400 am 

43 

28 

6.3 

| 

j 


• 

« 

ft 

2 

Di.lce.Stftta., 7/nsil 


MT 

NT 

i 

! 



Leak current , ma 


NT 

NT 



i 

i i 

i 

ft 

5 

’S 

0 

* 

u 

0 

C 

Coooer dust, 


i 


i 

i 

Coooer metal 

— 



■■ ■ 

HHIHBl 

Aluminum 

— 

HHIHH 

■ 

■■ ■ 


60/40 Solder 

— 

■msB 


w M 

jn 

Nickel 

— 

HIHHB 

■H 


Titanium 

— 


- 1 1 1 ! 

Silver 

— 


fit! 


Nous : a* Th* sp*cim*ns w«r* obviously d^poiyttr ris^d , n ch*+ty n in consistence 

and had to b* car* fully r«mov»d form th* modul* aurfac* . 


1 * no ckang o 

2 • faint color 

3 « mo da rate eolor 


4 « strong color 

5 s degraded 

c « extreme degradation 


7 * melted 
3 * broken 
9 • surface cracks 












































Cor ronton | Elect, [ Optoi | Miyatcal I Sptcimtn 


ORIGINAL PAG£ S3 
OF POOR QUALITY 


Proitet No, 


LYMER AG INC STUDIES 


Table 28 


Exposure Condition : OPT 


Mfctttitl ; EVA 16718-A 
Atmosphere ; Air 


Notebook Not imj 


Temperature : 


IQS 3 C 


Exposure, Hrs* 

0 (control! 

wssm 

1. 500 





Data : 




end 



trait No. : 

C 

c 

c 



i 

! 

No. of Specimens 

! 0 

12 

10 



i 

j 

Tensile strength, psi 

2. 760 

1. 390 

230 




530 

343 

170 




Modulus . psi 

732 

631 

590 




Swell index , % 

7.5 

3.4 

10.1 




Cel content , % 

91.7 

33,1 

70 


i 1 

1 

Appearance 

Clear 

1 

1 ** 


i 

Total oodcal , %T 







tTV cutoff „ am 

360 

360 

359 

i 

1 


1 

1 

Color 

58% 

34 

25 



1 [ 1 
i 

Dielct. Stgtiw, V'/mil 


NT 

NT 



1 

i 

Leak current , as a 


NT 

NT 






HHH1 

HHBHnBHH 

HHHHHHHi 

ii i ■ 1 1 i— 

_ 

flHIHHI 


BHHHnHHBHH 

Alumina a 

— > 



HHIHHHHUHi 

60/40 Solder 

— 


HHHHDIHBHi 

■■■hhh 

Nickel 


■■■■■ 


Titanium 


iHH 


Silver 

— 




Notts : a. No color , polymer has degraded mechanical properties 


1 * bo change 

2 • faint color 

3 • modsraes color 


4 a strong color 

3 a degraded 

6 a ixtrtat degradation 


7 a melted 
3 a broken 
? • surface cracks 






























































><ic«il I Hiyatc*! 


ORIGINAL FAGk :S 
OF POOR QUALITY 


2 saass Xo - Tggu 29 

Zxdosvlt* Coedttio tt : O PT 

Mitt rial ; SVA 1&T13-B Notebook No: U729 

Acxnosohere : Air Ttnotnoirt : 105 *C 



Notts : a* Cannot be tested du* to flow of specimens. No yellow color , surfac* tack 
qo cl cable , "cheesy" consittancy , 


1 * ao change 4 • strong color ? « melted 

2 » faint color 5 » degraded 3 ■ broken 

3 a moderate color 4 , extreme degradation 9 • surface cracks 

































































ORIGINAL page.* 
OF POOR QUALITY 
























APPENDIX B 


Figures 1 through 3 




sc 


FIGURE 1 

Soiling Experiments 


P«®nal p A ! - . t . 
0r POOP OUAU' Y 


Material: 


Sunadex Glass 


Exposure: 


28 months, Enfield, Connecticut 


Measurement: Percent loss in short circuit current 

(I gc ) with exposure time 

Months Exposure 24 6 8 10 12 14 16 18 20 22 24 26 28 


/K A 


i MU/ 


/ ■. 


« /• 


Control value, untreated 


Treated with Ozone, then E-3820 



sc 


FIGURE 2 


ORIGINAL PAGE IS 
OF POOR QUALITY 


Soiling Experiments 

Material : Tedlar 100BG30UT 

(supported on glass carrier) 

Exposure: 28 months, Enfield, Connecticut 

Measurement: Percent loss in short circuit current 

(I gc ) with exposure time 

Months Exposure 24 6 8 10 12 14 16 18 20 22 24 26 28 



Control value, untreated 


Treated with E-3820 
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FIGURE 3 
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ORIGINAL PAGE 19 

Soiling Experiments OF POOR QUALITY 

Acrylar X-22417 Acrylic Film 
(supported on glass carrier) 

28 months , Enfield, Connecticut 

Percent loss in short circuit current 
(I ) with exposure time. 
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